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INTRODUCTION
Pigment-coated papers have found widespread acceptance in the
printing industry because of their superior appearance and performance
characteristics. In general, coated papers present a smoother printing
surface than do uncoated papers. The coating also serves to increase the
gloss and opacity of the sheet and to improve its ink receptivity.
Because of its importance to the paper industry the pigment coating
process has been the subject of rather intensive research effort.
In the past, research work in the coating field has been limited
to the evaluation of properties of the coated sheet such as smoothness,
gloss, opacity, strength and ink receptivity which are thought to be
related to the performance of the coated paper in the printing operation.
Such characteristics are hereafter referred to as end-use properties.
Although the evaluation of end-use properties of coated papers is
important from a quality control standpoint, information obtained from
such tests is necessarily restricted in its interpretation. It has
become increasingly evident that a more fundamental research approach
is required for a complete understanding of the complex processes
involved in the coating of paper. A fundamental approach has been
employed more frequently in recent years, particularly with regard to
pigment dispersion and coating color rheology problems.
All of the end-use properties commonly used to evaluate coated
papers are related to the physical structure of pigment coatings.
Earlier work has been restricted to the development of relationships
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between such end-use properties and such coating variables as pigment
particle size, adhesive content, rawstock properties, coat weight and
so on. Little attention has been directed to the relationships between
such variables and the more fundamental property of coating film
structure. Coating structure, however, provides a basis for a greater
understanding of variations in the performance of coated papers. Fur-
ther, the structural analysis of pigment coatings could shed light
upon such phenomena as vehicle and adhesive migration during coating
application and gloss development during the supercalendering operation.
Much information of a qualitative nature is available in the
literature which pertains to the appearance and performance character-
istics of coated papers. Such information permits speculation about the
influence of coating structure on the end-use behavior of coating films.
Certain effects of coating process variables upon coating film structure
are indirectly suggested. However, with the exception of certain
measurements of the permeability of coated papers to air and organic
liquids, no quantitative information describing coating structure is avail-
able
It is obvious that an investigation of the previously neglected
field of coating structure would be both fruitful and interesting.
However, such an investigation is contingent upon the development of
valid methods capable of describing coating structure.
Accordingly, the first objective of this thesis is the development
and verification of experimental techniques which assist in the
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characterization of certain prominent structural features of clay
coating films. The criteria useful for study are:
1. Clay particle orientation with respect to the plane of the
coating,
2. the unbonded surface area of the coating,
3. the pore distribution of the coating, and
4. the void volume of the coating.
The second objective of this study is the demonstration of the
ability of the methods developed and adapted in the first phase to detect
variations in coating structure. The development of relationships between
coating variables and the structural forms of coating films is beyond the
scope of this work although it is expected that a certain insight into
some of the structural variations possible will be obtained.
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SUMMARY
This investigation was directed at the development and adaptation
of methods useful for the evaluation of the physical structure of
clay coating films. The coatings examined in this work were prepared
by the application of aqueous clay-starch coating colors to a porous
rawstock, Millipore filter, which was easily soluble in an organic
solvent.
During this work a method was developed for the isolation of clay-
starch coatings from Millipore filter in pieces of convenient size.
The rawstock was dissolved in baths of ethyl acetate leaving the coating
unchanged in its structural properties. Coatings as light as 4 lb./ream
were isolated by this method. Removal of the Millipore filter was shown
to be essentially complete.
It was shown in this investigation that low temperature nitrogen
adsorption measurements were sufficiently flexible to describe the
surface area, the internal void volume and the pore distribution of
isolated coating. Particular care was required in the determination
of the nitrogen desorption isotherm since the useful data were obtained
at values of relative pressure greater than 0.96. Certain qualifications
were imposed upon the pore distributions determined by this method due
to the size and possible shapes of the pores in the coatings.
An established x-ray diffraction method was modified to measure..
the extent of preferred orientation, with respect to the plane of the
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coating surface, of pigment particles in coatings. The original method
was modified to allow its use with sheet materials which were not
infinitely thick to the x-rays used. Experimental confirmation of
derived absorption correction factors was obtained. It was shown that
the results presented in this report contain a constant error that
resulted from defocusing of the diffracted x-ray beam. The magnitude
of this error was established and a suggestion was presented for avoiding
it in systems where fine resolution of the diffracted beam is not re-
quired.
With certain selected experiments it was shown that this system for
the analysis of coating structure adequately detects differences in
coating structure arising from changes in coating component and process
variables. The scope of this work did not permit conclusions based on
the results of these experiments. However, the following observations
were recorded.
1. The pore size of the clay coatings analyzed in this work was
considerably smaller than was indicated by previous work in
this field. Carson (1) found average pore radii of 0.2 and 0.3
mu for double- and single-coated book paper, respectively. In
the present work, the majority of coating pores were less than
0.1 mu in radius. The difference in these values is attributed
primarily to basic differences in the techniques employed to
obtain these values.
2. The pore structure of three coatings examined varied significantly
with the particle size of the clay used in the coating.
The pore structure became finer and encompassed a narrower
range as the clay particle size was decreased.
3. The pore structure of the clay coatings was essentially
uniform through their thickness when small particle size
clays were used. A coating containing the large particle
size clay fraction had a pore structure indicative of non-
uniform transverse pore structure.
4. The degree of pigment orientation in coatings was found to be
dependent upon the average particle size of the clay fraction
used in the coating. The 1.0 - 2.0 mu clay fraction coating
had the least orientation; the 0.0 - 0.5 mu clay fraction yielded
a coating whose orientation values were only slightly lower
than that of the 0.5 - 1.0 mu clay fraction coating. Reasons
for this behavior pattern were not developed.
5. Coat weight differences (10-20-30 lb./ream) did not appear to
have large scale effects upon coating structure in the case of
a coating which contained the 0.5 - 1.0 mu clay fraction.
6. Supercalendering of coated Millipore filter sheets produced
a realignment of clay particles, some rupture of pigment-adhesive
and/or adhesive-adhesive bonds, and an interesting shift in the
pore distribution of the coating. The internal void volume of
the coating was not altered by supercalendering.
7. Mechanical treatment passaage through a dispersion mill) of the
coating color increased the amount of bonding occurring in a
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coating but had no effect upon the extent of clay particle
orientation. The clay used in this experiment had been chemi-
cally dispersed.
8. Roughening of the rawstock surface produced a large change
in the pigment particle orientation of a coating but had no
effect upon the free or unbonded surface area of the coating.
As a general conclusion it may be stated that this work has
established and demonstrated the utility of a system for the analysis
of the structure of clay-starch coatings.
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BACKGROUND OF THE PROBLEM
The literature in the coating field contains a great deal of
information on the properties of coatings and coating components.
Much of this information is concerned with the end-use properties of
coatings and certain rather nebulous characteristics of the coating
components. This type of information allows speculation about the various
forms in which coating structure may exist. Variations in film structure
resulting from changes in coating composition and subsequent treatment
are also implied. Nowhere is information available on the actual
measurement and definition of coating structure as such
It is not the intent of this review to prove that specific
forms of coating structure exist. Rather, this survey is intended to
show that factors contributing to a variable structure are present in
the pigment coating process and to suggest ways in which these factors
may operate.
PREVIOUS WORK ON COATING STRUCTURE
The complexities involved in the measurement and analysis of
pigment coating structure are indicated by the few attempts made in the
past to characterize this property. Carson (1) used an air permeability
method to arrive at the conclusion that coated book papers have contin-
uous pores with a radius of 0.2 to 0.3 mU. In more recent work Tollenaar
(2) described a method which measures continuously the air displaced
from pores by a nonswelling fluid penetrating the sheet from one side.
This method does not differentiate between the number of pores and pore
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radius. This fact limits the usefulness of the method and restricts
somewhat the interpretation of the information obtained. Both the
air and fluid permeability methods are sensitive to the presence of
pinholes in the sheet.
Certain authors (3, 4) have published electron micrographs of
the surface of clay-coated papers which show the exposed clay particles
to be in the plane of the raw stock No coating cross-section electron
micrographs have been published
It is obvious that published information dealing with coating
film structure is lacking and that which does exist has limited useful-
ness. Essentially, the work by Carson (1) and Tollenaar (2) only
verifies the assumption that coated papers have a pore structure. Other
structural characteristics have been neglected completely in so far
as direct measurement is concerned.
Many of the end-use properties of coated papers are evaluated in
such a way that the test results may reflect changes in the physical
structure of the coating. For example, the opacity of coating reflects
variations in the surface areas and pore distributions (5). Bonding
strength may logically be related to the apparent density of a coating if
other conditions are held constant. Ink receptivity may be a function of
the pore size distribution and the total pore volume of a coating (6).
Naturally, the relationships between these end-use properties and struc-
ture characteristics are not clear-cut or quantitative. Assuming that
these relationships do exist, regardless of how obscure they may be,. it
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is possible to evaluate additional literature. The ensuing discussion
is to be regarded as a speculative interpretation of the literature in
terms of factors which may affect coating structure.
EFFECTS OF COATING RAW MATERIALS ON STRUCTURE
Pigment
Roderick and Hughes (7) have shown that the addition of kaolin
clays (which have a hexagonal platelet shape) to coating colors con-
taining irregularly shaped calcium carbonate particles increases the
gloss and smoothness of the coating but decreases the opacity and the ink
receptivity. Others (8 - 11) have shown that the gloss of clay coatings
increases as the particle size of the clay used is decreased. An
additional effect of small particle size is decreased strength in the
coating (2, 10, 12). This may indicate a relationship between pigment
surface area and adhesive demand although certain investigators (13, 1)
have evidence which indicates that such a relationship does not exist.
The foregoing seems to indicate that the pigment exerts an
effect upon coating structure which may be related to its size, shape
and surface area. These, in turn, may control the ability of the pigment
particles to pack or align. There is some disagreement in the literature
over whether a wide (15) or narrow (12) pigment particle size range
represents the best compromise of the various effects of particle size.
In addition to the rather direct effects of pigment particle
size and shape, it is possible that the chemical nature of the pigment
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has an indirect effect upon coating structure. This effect may be exerted
through the ability of the pigment to hold a shell of vehicle and adhesive
around itself, thereby reducing the amount of free vehicle and adhesive
available for migration into the rawstock (8, 16, 17).
Adhesive
It has been shown (7 18) that the opacity and ink receptivity
of clay coatings decrease as the adhesive content is increased to
maintain strength standards. This effect is, of course directly related
to the amount of adhesive in the coating. The information available
implies that the pore system of the coating decreases in total volume
and/or becomes considerably finer with respect to pore radii as the
adhesive content is increased.
Adhesives may have an indirect effect upon coating structure
which is exerted through rheological and migration phenomena. This
type of interaction is discussed in a later section.
Vehicle
The vehicle should not affect coating structure directly since
it is not present to any significant extent in the finished coating.
It does, however, affect the rheological characteristics of the coating
color (19) and migration phenomena (20). These do have effects upon
coating structure as will be discussed in a later section.
Dispersant
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As in the case of the vehicle, dispersants probably do not affect
coating structure directly. However, their action of pigment particle
dispersion does affect the theological characteristics of the coating
color (21) and, through this, vehicle and adhesive migration (20).
It is conceivable that the charge imparted to the pigment by the disper-
sant may interact with the charge on the rawstock in such a manner that
the final structure of the coating is affected (22).
Rawstock
Perhaps one of the most important factors determining coating
structure is the rawstock or substrate upon which the coating is de-
posited (23, 24). Among the ways in which the rawstock can affect
coating structure are:
1. Vehicle, adhesive and pigment migration as controlled by the
rawstock pore size and volume (20, 24); migration phenomena
will be discussed in another section
2. The intimacy of contact between the rawstock surface and the
coating color during application as determined, in part, by
rawstock surface roughness (20, 25, 26).
3. The wettability of the rawstock by the vehicle (20).
Except for a possible effect of surface roughness, it is evident
that the rawstock acts upon coating film structure primarily through
vehicle migration.
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Throughout this discussion it has been evident that few of the
components of coatings, in themselves, exert strong influence upon
coating structure. To a large extent, interaction between the components
is responsible for structural variations. The complexity of the problem
of coating structure analysis is further increased when additional
variables such as coat weight, coating color solids content, method
of coating application, drying rate and subsequent treatment such as
supercalendering are considered
VEHICLE, ADHESIVE AND PIGMENT MIGRATION
The phenomenon of vehicle migration into the coating rawstock
has been evident since aqueous coatings were first applied to paper.
Consideration of Washburn's equation (27) for the flow of free liquid
into an idealized pore system shows that the rate of flow, at the
instant of contact, is infinite.
where Z = distance penetrated,
R = capillary radius,
= time,
Y = surface tension, and
h viscosity.
Although the application of this equation to a coating color-
rawstock system would be extremely complex, this point remains pertinent:
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the flow of vehicle from the color at the instant of contact with the
porous rawstock must be very rapid, even though the presence of the
adhesive increases the viscosity of the system. This rapid flow of the
vehicle into the rawstock may create viscous drag forces in the coating
color which then should tend to align the pigment particles (particularly
platelike particles such as those in kaolin clays) in conformity with
the surface of the rawstock. The effect of these aligning forces should
be transmitted into the coating over the entire region from which the
rawstock draws vehicle The magnitude of these drag forces is probably
chiefly controlled by rawstock pore size and color viscosity, as indicated
in Washburn's equation.
The flow of vehicle from the coating color should continue, at
a diminishing rate, until the pigment particles touch At this point the
particles may become immobilized (14, 28). When the pigment particles
come into contact with each other, the basis of a capillary system is es-
tablished in the coating which then may compete with the rawstock pore
system for the available vehicle (29, 30). Cobb (30) also suggests
that the pigment particles can serve to plug the pores of the rawstock and
reduce the rate of flow of the vehicle into the rawstock. This concept
has been substantiated experimentally (20, 31).
If it is assumed that the penetration of the vehicle into the
rawstock reaches an equilibrium point, then the removal of the vehicle by
evaporation during the drying operation must involve further movement
of the vehicle through both the rawstock and the coating toward a free sur-
face. According to Dappen (32), this evaporation takes place at the
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surface as long as the capillary system is capable of supplying the
vehicle to the surface. The vehicle surface gradually recedes into
the coating as its supply rate is diminished. At this point menisci form
in the capillary system of the coating.
When menisci form in the coating capillary system the surface ten-
sion forces first discussed by Campbell (33) begin to have an effect
upon coating structure. These effects have recently been reviewed by
Cobb (34). The menisci in the coating exert a contracting force on the
particles bounding them. The contracting force is due to the surface
tension of the liquid forming the menisci and its magnitude is a func-
tion of the radius of curvature. These contracting forces reach
values of several hundred atmospheres of pressure in menisci with radii
of curvature in the range of 0.1 to 0.01 mu. As the vehicle menisci
retreat into the coating, the contracting force of the menisci is
replaced, at least to some extent, by bonds formed between pigment par-
ticles and adhesive molecules. The net result is a highly compacted,
open capillary system in the coating.
Associated with movements of the vehicle may be a redistribution
of the adhesive. Cobb and Lowe (29) first demonstrated that the flow of
vehicle into the rawstock is accompanied by movement of the adhesive in
the same direction. Davidson (35) has shown that the vehicle actually
penetrates farther into the rawstock than the adhesive. Other workers
have discussed factors affecting adhesive migration (22, 23). McCready (36)
and, indirectly, Schoch (37) suggest that only the low molecular weight
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fraction of adhesives migrates with the vehicle. Others (38, 39) relate
the "water retentivity" of starch adhesive coating colors to their ability
to lose starch to the rawstock. Lyons (8) and Rowland (40) feel that the
chemical nature of the pigment controls, to some extent, the adhesive
migration which occurs.
Casey and Libby (23) have qualitatively examined certain factors af-
fecting adhesive migration and its effects upon coating properties.
These investigators found that increased rawstock density and sizing
decreased starch penetration. Increased starch penetration into the
rawstock increased the ink receptivity of a coating. Singleterry (41)
attributes a "zone of weakness" in the coating to depletion of the
adhesive in this zone. A more informative study was performed by Dappen
(32) who examined both vehicle and adhesive redistribution in starch-
clay coatings. This author found that as much as 30-40% of the vehicle
originally in the coating color migrated into the rawstock but only
3-4% of the starch was transferred. In addition, it was determined that
starch migration toward the air-coating interface occurred when the
coating was rapidly dried Presumably the starch was carried to this
interface by the vehicle during the evaporative stage of the drying
operation. Air-dried coatings do not show excessive starch redistribution
during this stage of drying.
Although Dappen did not study the rheological characteristics of
the coating colors used, it is possible that they exert an influence on
vehicle and adhesive migration. In this sense, the relation between
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vehicle and adhesive the physical and chemical properties of the adhesive
and pigment, the solids content of the coating color, etc., all exert
effects upon migration phenomena and indirectly upon coating structure (42).
Cobb (14,34) has applied certain concepts of the soil technology
field to the adhesive-pigment relationship in the coating matrix. This
investigator found that 21-24% of the dry pigment voids (as determined
by the addition of water to the dry pigment to a point where the pigment-
water mass becomes cohesive) must be filled with adhesive before the
coating achieved a strength greater than the bonding strength in a
rawstock. She concluded that most of the adhesive was deposited at the
points of contact between pigment particles. Although the experimental
work presented in this study has some limitations, the concept advanced
seems to be of some value.
Whether or not pigment particle penetration accompanies vehicle and
adhesive migration into the rawstock is not clear. Certain investi-
gators (11, 23) mention the "absorption" of coating by the rawstock.
The predominant opinion appears to be that the pigment particles plug,
rather than penetrate, the pores in the rawstock (20, 30, 31). Both
situations are conceivable and, in either case, an effect upon coating
structure seems possible.
The foregoing establishes the fact that vehicle and adhesive migra-
tion occur in the coating-rawstock system and implies that this migration
can affect coating structure. The following statements attest to this:
1. Rowland (40) states that excessive adhesive penetration leaves
the coating in a rough and porous condition.
2. Davidson (35) found that inadequate adhesive penetration reduces
coating ink receptivity
3. Casey and Libby (23) found a relationship between the depth of
starch penetration into the rawstock and the ink receptivity of
the coating film
This information leads to the assumption that the removal of
adhesive by the rawstock leaves the coating with a different pore system
than would otherwise be the case Unfortunately, the effects of adhesive
and vehicle migration have not been separated. The structural effects do,
however, appear to be real and significant.
Summarizing, the effects on coating structure resulting from vehicle
and adhesive migration are probably the result of:
1. Alignment or packing of pigment particles due to friction forces
generated by the rapid flow of vehicle into the rawstock during
the initial stages of the coating process.
2. The immobilization of pigment particles due to the removal of
the vehicle from the coating
3 Adhesive redistribution occurring during all stages of vehicle




The most obvious objectives of mechanical coating color dispersion
operations are twofold (5, 43). First, soft agglomerates in the coating
color are broken up. Secondly, intimate mixing of the vehicle, adhesive
and pigment are desired. Thus, the effect of mechanical dispersion
upon coating structure is probably related to the ability of the pigment
particles to pack and to the rheological characteristics of the coating
color.
The Application of the Coating Color to the Rawstock
Many methods of applying fluid coating colors to a rawstock are avail-
able. The differences of concern here are:
1. The pressure applied during the coating operation.
2. The rates of shear operative during coating deposition.
3. The manner in which the color supply and the coated rawstock
are separated from each other.
Probably none of these characteristics influences coating structure in
itself but acts through or with adhesive migration and the rheological
properties of the color which have a more direct effect upon coating
structure.
The pressure applied during the coating operation may serve to
accelerate the instantaneous phase of vehicle and adhesive migration (5,
20); conversely, the release of coating pressure may suspend these pro-
cesses. The shearing forces created in the color by the coating process
should tend to rotate platelike pigment particles toward the direction in
which they offer the greatest resistance to rotation in a shear field.
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The method of separation of the color supply and the coating film
dictates, to some extent, the direction in which the final shearing
forces will operate. For example, the filaments formed in the sepa-
ration of the paper from the roll surface in a roll printing operation
indicate that the final shearing forces in the ink are directed normal to
the plane of the paper surface (44). It is conceivable that these
filaments also form a roll coating operation. The rheological character-
istics of the color with respect to the presence of thixotropy or dila-
tant tendencies would be of considerable importance here.
Supercalendering
The objective of the supercalendering operation is to produce
a smooth printing surface on both coated and uncoated papers This is
accomplished with pressure, shearing forces and heat Van den Akker (45)
and Thomas (46) have discussed the creation of shear forces in this
operation and have commented upon their magnitude. The effects of these
forces on coated papers are an increase in gloss, sheet density and
surface smoothness and a simultaneous decrease in opacity, brightness and
strength. From this information it can be assumed that the surface of
the sheet is made more planar, the pore size is decreased and some
rupture of bonds occurs (47). There is little evidence available which
indicates whether these effects occur in the coating film or the rawstock.
Rowland (40) assumed, from the behavior of hydrous and calcined
clays in the supercalendering operation, that crystal plane slippage
occurs in the kaolin particles when they are subjected to these great
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shearing forces. Tollenaar (2) found evidence that some inner layer of
the coated paper was compressed during the calendering operation.
Little else, excepting end-use property values, is known about what
actually happens to coating structure during this operation.
SUMMARY
This brief survey of the pertinent literature in the field of
pigment coatings reveals that the majority of the work is concerned with
the effects of certain variables upon the end-use properties of coated
papers. The basic reasons for the effects of these variables are not
clearly understood. It has been pointed out that a great many of these
end-use properties may be related to the physical structure of coatings.
No satisfactory methods have been described in the literature for the




- equivalent spherical diameter; a measure of particle
size determination by the rate of fall of the particle
in a viscous medium and expressed as the size of a
sphere which falls at the same rate.
lb./ream - a term used in paper technology to express the weight
per unit area of paper. In this work the ream size
is 25 inches x 38 inches x 500 sheets: 475,000 in.2 /
IPC Bonding - a test which measures the resistance of a coating or
strength test
paper to "picking" or rupture under the influence of
complex applied stresses
Starch:clay ratio - a term common in the coating field; the ratio of
starch to clay, by weight, in the coating formulation.
Unbonded area - used interchangeably with free surface area and sur-
face area in this discussion of coating properties.
These terms are intended to describe the area of a
coating which is accessible to nitrogen molecules.
Void volume - this term is used to describe the internal pore
volume of coatings. It does not include the very
large surface pores which result from projections
from the coating surface.
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MATERIALS AND COATING PREPARATION
CLAY
Three particle size fractions of "Lustra" coating clay were
supplied by Southern Clays Inc. The whole clay had been dispersed with
tetra-sodium pyrophosphate, fractionated, flocculated with H2SO4 and
oven dried (48).
The particle size distributions of these clay fractions were
determined by repeated fractionation in a basket-type centrifuge.
Stoke's equation (49) was used to calculate the centrifugal forces and
times required. The particle size distributions obtained in this manner
are presented in Figure 1. This confirms the excellent separation of
clay particle size achieved by the supplier. For the remainder of
this work, the various clay fractions will be described by the nominal
particle size range listed with each curve in Figure 1. These particle
size distributions are described in terms of the equivalent spherical
diameter (e.s.d.) rather than any true dimension of the particles.
Table I lists the surface area of the clay fractions as obtained
by the Brunauer, Emmett and Teller method (see page 42). The experi-
mental data for the surface area determinations are listed in Table X,
Appendix. From a knowledge of the surface area and the average equivalent
spherical diameter of the clay fractions, approximate length-to-thickness
ratios of the clay particles may be calculated through the use of the Mul-
ler equation (50,84). These calculated ratios have also been listed in
-24-
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Table I. The values indicate that the clay particles tend to
become thicker, with respect to their largest diameter, as the equivalent
spherical diameter is decreased. The length-to-thickness ratios listed
can be considered only as approximations since the MUller equation is
correctly used only with essentially mono-disperse particle size fractions.
TABLE I
PHYSICAL CHARACTERISTICS-CLAY FRACTIONS
Nominal Particle B.E.T. Surface Area, Length/Thickness
Size, mu. M2/g. Ratio
0.0 - 0.5 20.15 6.0
0.5 - 1.0 14.04 7.7
1.0 - 2.0 10.30 10.0
The electron micrographs shown in Figures 2 and 3 show that the
two largest particle size clays are composed of well-defined hexagonal
platelets. The electron micrograph of the smallest clay fraction,
Figure 4, does not show sharp definition; this indicates that the form
of the particles in this fraction is less well-defined. X-ray examination
of this fraction gave no evidence of nonkaolin impurities.
Figure 5 represents the viscosity of a 64% solids slurry of the
000 - 0.5 mu clay fraction as influenced by the addition of a dis-
persant (Quadrafos). The slurry was adjusted to a pH of 8.0 with 1.ON
NaOH prior to the determination of the viscosity. The clay slip viscosity
was measured with a Brookfield viscometer. The graph indicates that 2-3
Figure 2
1.0 - 2.0 mu Clay
8000 X
0.5 - 1.0 mu Clay
8000 X
Figure 4






milliequivalents of Quadrafos for each 100 grams of clay adequately
dispersed the clay slip to its minimum viscosity at this pH level.
ADHESIVES
Much coated paper contains a modified starch as the adhesive.
For this reason, and for reproducibility of preparation, an oxidized
cornstarch, Stayco M supplied by A. E. Staley Co., was selected for use
in this work. This starch began to swell at 62 C. and reached its maximum
viscosity at 70°C. The maximum torque generated by the starch slurry on
the stirring device of the Corn Industries Viscometer was 270-320 g.-cm.
Retrogradation upon cooling the starch slurry to 50°C. is slight.
DISPERSANTS
The clay slips were dispersed with 3 meq. of Quadrafos/100 g. of
clay. The pH of the slip was adjusted to 8.0 with l.ON NaOH. Quadra-
fos (Na6P4013 - sodium tetraphosphate) is a product of the Rumford
Chemical Works.
RAWSTOCK
For reasons which are discussed on page 33, Millipore filter, a
product of the Millipore Filter Corp., was selected as the rawstock used
in this work. This material is a nitrocellulose sheet of controlled
porosity. The physical characteristics of this material are presented
in Table II.
This material is unique in that its pores are very nearly perpendicular
-29-
TABLE II






% contact, 354 p.s.i.
Dry indicator size, sec.





















to the plane of the sheet rather than randomly oriented and interconnected
as in matted fiber sheets. The surface of the filter is very smooth, as
good or better than most supercalendered coated papers. The structure of
the filter is not destroyed by water. The filter is soluble in several
slightly polar organic solvents. Careful handling of the material is
necessary since both the folding endurance and the tearing resistance are
very low
The selection of type HA Millipore filter for use throughout much of
this work with coatings was arbitrary. The pore diameter of this filter
stock, 0.45 mu, appears to be smaller than normally encountered in papers
although there is no truly reliable data available on the pore distributions
of papers. Corte (57) has shown that, in many cases, the pore distribution
obtained for a paper depends upon the method of determination. Depending
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upon the method used and the paper examined, Corte gave values for pore
radii ranging from 0.25 mu to 3-4 mU. Most of the papers showed a maximum
in the pore distribution at about lmu.
In view of the pore type, the pore size, the surface smoothness and
the reaction of this filter material to water, Millipore filter is best
considered as an idealized rawstock. Direct comparisons between coatings
analyzed in this work and coatings laid on paper rawstocks should be
made only with the qualifications mentioned above.
STARCH SLURRY PREPARATION
The oxidized starch, Stayco M, was cooked in the Corn Industries
Viscometer following the cooking schedule recommended by the starch
supplier. Two hundred and twenty-five grams (o.d.) of starch were
dispersed in sufficient distilled water to yield a total weight of 900
g. (25% solids). The dispersed starch was then placed in the Corn
Industries Viscometer; the temperature was raised to 96°C. and was held
at this point for 30 minutes. After this cooking period the slurry was
cooled to 50°C. and kept at this temperature-until used (not longer than
3-4 hours). The Corn Industries Viscometer recorded the viscosity changes
throughout the cooking cycle and held evaporation losses to a minimum.
THE PREPARATION OF COATING COLORS
Clay slips of the desired solids content were prepared by dispersing
the clays in distilled water containing 3 meq. Quadrafos/100g. of clay
and approximately 3 meq. NaOH/1OO g. clay. The clay slip was then agitated.
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for 30 minutes with a Hamilton-Beach stirrer. The required amount of
warm starch suspension was weighed into the slip and the agitation was
continued for an additional 30 minutes. The pH of the color was adjusted
to 8.0 with l.ON NaOH. The solids content of the color was measured and
sufficient water added to bring the solids content to 55%. The color
was then passed through a hand-operated dispersion mill (Chicago Apparatus
Co., no. 22950) followed by screening through a 325-mesh sieve.
Hercules Viscometer rheograms of colors prepared in this fashion
showed them all to be pseudoplastic in nature. The viscosity calculated
from these rheograms (at 1150 r.p.m. using bob A) was quite low; 0.66
poise for a color containing the 1.0 - 2.0 mu clay fraction, 0.43 poise
for a color containing the 0.5 - l.0 mu clay fraction, and 0.43 poise
for a color containing the 0.0 - 0.5 mu clay fraction. The latter color
had a yield value of approximately 60,000 dyne cm.
COATING METHOD
The coating colors were spread on Millipore filter with a Bird
applicator bar coating device which had a clearance of 0.0015 inches
and a coating width of 6 inches. The filter rawstock was fastened to
a piece of level plate glass with a single strip of Scotch tape. The
coating color was laid upon the tape strip with an eye-dropper. The
Bird applicator bar was then brought up behind the color and pulled the
length of the rawstock at a uniform speed. The coating weight was
varied by adjusting the clearance between the coating bar and the rawstock
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This clearance was increased by allowing the bar to run on
Scotch tape which were fastened to the plate glass next to the
The clearance was decreased by shimming the rawstock with
pieces of one-mil cigarette paper.






METHODS FOR THE EVALUATION OF COATING STRUCTURE
COATING ISOLATION
Coated papers consist of a porous pigment-adhesive layer over
a porous rawstock system. As has been discussed, some intermingling of
the components of the two pore systems does occur Of primary impor-
tance in this investigation is the pigment coating layer The rawstock
pore system, although of importance during the deposition of the coating,
does not affect the structural characteristics of the coating after it
has been dried The presence of the rawstock does seriously complicate
the analysis of coating structure.
It is necessary to separate the rawstock and coating systems
either experimentally or mathematically in the determination of the
pore volume and distribution, the surface area and the clay particle
orientation of coatings In all of these cases, the presence of the
rawstock adds nothing to the information obtained but does make the ex-
perimental work more difficult.
The solution to this problem is the use of a rawstock from
which the coating can be removed, in pieces large enough to be useful,
without altering the coating structure. To this end, attempts were
made to form handsheets from chloroform-soluble, fibrous cellulose
acetate Although the fibrous acetate could be slightly swollen in
acetone-water mixtures, considerable difficulty was encountered in
forming satisfactory handsheets. This approach was abandoned.
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Millipore filter (hereafter referred to as MF rawstock) was used
in succeeding trials and was found to perform in a satisfactory manner.
This material is soluble in ethyl acetate which, according to Cushing
(51), does not swell starch. It should be possible then to dissolve the
MF rawstock in this solvent, leaving the coating as a coherent sheet
unchanged in its important properties
The following coating isolation procedure was adopted as the
most efficient It consisted of a seven-stage, countercurrent washing of
the coated sheets in ethyl acetate The washing was accomplished in
15-cm. culture dishes which had been filled with ethyl acetate. A 10-
mesh screen was placed in the bottom of each dish to facilitate the trans-
fer of coating pieces from one bath to the next The coating pieces,
about one-inch square, were placed in the first bath coating side down.
After 10 minutes the screen was lifted from the first bath and trans-
ferred to the next A second coating sample was then placed in the first
bath. After these first two steps, the baths were moved countercurrently
to the coating so that clean ethyl acetate was entering the system con-
tinually. The MF rawstock was largely removed in the first two baths.
In the fourth or fifth bath a thin film or mat was observed to
break loose from that surface of the coating which had been in the
rawstock-coating interface (This surface is hereafter referred to as
the "bottom" surface of the isolated coating) This material stained
blue with iodine solution and was assumed to be that portion of the starch
which had migrated into the rawstock. If portions of this starch mat
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adhered to the coating in the seventh bath, they were brushed loose
with a small brush
After the coating was removed from the last bath it was allowed to
air dry. Work with this method showed that coatings as light as 4
lb./ream could be isolated in a coherent form although 8-10 lb./ream
appeared to be the practical limit
In order to demonstrate that the MF rawstock had been completely
dissolved in this process without significant effects on the coating
structure, the following experiments were performed
Dissolution of MF Rawstock
A sample of isolated coating (1 gram) was allowed to soak in 50
ml.of ethyl acetate for twelve hours Examination of the solvent with
the Rayleigh Interferometer showed that no further quantity of the MF
rawstock was dissolved from the coating
In a second experiment, a sample of isolated coating (0050 g.) was
macerated in 5 ml. of warm concentrated H2S04 . The mixture was filtered
through a thin layer of Celite filter-aid on a fritted glass funnel The
"brown ring" test for nitrates was performed on the filtrate with negative
results Since a control experiment showed that O.2 mg. of the MF rawstock
per ml. of H2SO& are detectable by this method, it was evident that less
than O.2%, by weight, of the MF rawstock remained on the coating
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The Effect Of Ethyl Acetate Treatment on Coating Structure
A 50% solids coating color containing HT coating clay (Minerals and
Chemicals Corp. of America) and Stayco M starch in a 14:100 ratio was
spread upon a paper rawstock and allowed to air dry. Thirty strips of
the coated paper were cut to the dimensions I x 13 inches. Fifteen of
these strips were soaked in ethyl acetate for two hours and then air-
dried. IPC bonding strength tests were run on all samples using the
I.G.T. device (13) The results showed that the averages of both sets
of strips came from the same statistical population. The test data are
recorded in Table XI, Appendix.
In a second experiment,, a 55% solids color consisting of the 0.0-
005 mu clay fraction and 10.7% starch was deposited upon lightly scrubbed
aluminum foil with an 0.006-inch Bird applicator bar. The coatings were
air dried and the coat weight was determined to be approximately 100 lb./
ream. It was possible to isolate this heavyweight coating from aluminum
foil simply by cutting the coated foil into 1-inch wide strips and
twisting these slightly from the ends. The coating flaked off the foil
in large pieces. A very thin film of the coating adhered to the surface
of the foil.
One sample of the coating which was isolated in this manner was
examined for clay particle orientation by means of the x-ray technique
which is described on page 57. This sample of the coating was then
soaked in ethyl acetate for thirty minutes, air dried and then re-examined.
No difference in the two orientation profiles so obtained was detectable.
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The two orientation profiles are presented in Figure 6 and the experi-
mental data are listed in Table XII, Appendix.
In a second set of experiments with this heavyweight coating, the
surface area and pore distribution were determined (see page 42 in
duplicate. The sample was then removed from the adsorption apparatus
and allowed to equilibrate with the moisture in the air. The sample
was then soaked in ethyl acetate for thirty minutes after which it was
allowed to air dry. The surface area and pore distribution of this
ethyl acetate-treated sample were determined in the same manner as before.
The surface area was determined in duplicate, but only one pore distri-
bution was run.
The surface areas obtained were 8.16 and 8.12 M2 /g. for the control
and the ethyl acetate-treated sample, respectively. The difference
between these two values is not significant. The adsorption-desorption
isotherms for these two samples are presented in Figures 7a and 7b. It
is clearly evident that the control sample and the ethyl acetate-treated
sample have identical isotherms and, therefore, identical pore distri-
butions. The experimental data are recorded in Tables XIII and XIV,
Appendix.
On the basis of the evidence presented, it is reasonable to conclude
that the method described for the isolation of pigment coatings from
Millipore filter accomplishes essentially complete solution of the raw-
stock without detectable effects upon the strength, the clay particle







It has been shown (52) that the solvent-exchange drying of cellulose
results in the retention of small amounts of the solvent in the pores
of the cellulose. This solvent is trapped in such a manner that it is
not readily released even under high vacuum. It can be removed by
wetting the cellulose with water and then oven drying the material.
The process of coating isolation by dissolution of the MF rawstock
on ethyl acetate is analogous to solvent-exchange dying only in so far as
that small percentage of water retained in an air-dried coating is
concerned (about 2% on the weight of the coating). In order to examine
the possibility that a small amount of the ethyl acetate may have been
trapped in the coating, samples of isolated coating were oven dried and
weighed. The samples were then soaked in water for 4 hours, after which
the water was evaporated. The samples were oven dried and reweighed.
The weight loss in this process varied from 0003 to 0020% for the five
samples According to Merchant (52), this weight loss results from the
release of solvent when the coating structure was destroyed by water.
A control sample of coating showed no weight loss The quantity of re-
sidual ethyl acetate retained in isolated coatings is small and is
assumed to have only insignificant effects upon coating structure as
measured by the techniques to be described.
SURFACE AREA MEASUREMENT
The surface area of a pigment coating which is accessible to small
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molecules may be construed to be a measure of the potential light-
scattering surface and the unbonded area. As such, the surface area is
conceivably related to the optical and strength properties of coatings.
Low temperature gas adsorption measurements represent the most
reliable and convenient method for the measurement of surface area.
An excellent review of various gas adsorption methods has been presented
by Haselton (53). The first reliable method is that of Brunauer, Emmett
and Teller (54). These authors have derived expressions, based on a
multilayer gas-adsorption theory, which are capable of describing most
adsorption isotherms over a wide range of relative pressures. The
Brunauer, Emmett and Teller (B.E.T.) equation for the isothermal ad-
sorption of an infinite number of molecular layers of a gas on a free
surface may be expressed in the form
where
P = the equilibrium gas pressure,
Po = the saturation vapor pressure of the adsorbate,
V = the volume of adsorbed gas (ml. S.T.P.) per gram of
absorbent,
Vm = the volume of gas required to form a monolayer on the
adsorbent surface, and
c = a dimensionless constant
This equation is of the form, y = mx + b. Therefore, a plot of P/V
(P - P) versus P/P0 should yield a straight line of slope (c - l)/Vm c
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and intercept /1 This is actually the case for relative pressures
ranging from 0.05 to 0.30 (54). The volume of gas corresponding to mono-
layer formation (Vm) can be obtained from the slope and intercept of
the straight-line plot Then, since the cross-section area of the ab-
sorbate molecule is known, 16.2 A2 (53), the area corresponding to (Vm)
may be calculated.
The apparatus used in the determination of low-temperature gas-ad-
sorption measurements is that built and described by Haselton (53) and
later slightly modified by Merchant ( 2). No useful purpose would be
served by further description of this equipment.
It is worthy of mention that the "deadspace" in the sample bulb
(the volume of the bulb not occupied by the sample) was kept as small
as practical This was done in order to reduce the effect of errors in
the deadspace determination on measured surface areas. It should also
be noted that all coating samples were dried for 48 hours at 60°C. and
28 inches (Hg) vacuum in order to shorten the outgassing time on the
adsorption apparatus.
THE DETERMINATION OF PORE DISTRIBUTION
Perhaps the most important single structural characteristic of coating
films is their pore structure It is reasonable to 'assume that the rate
and extent to which inks are absorbed by coatings are strongly related to
pore size and volume. Also, the light-scattering coefficient must be at
least partially dependent upon pore size, volume and area.
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Among the methods which are available for the determination of
this characteristic are high pressure mercury intrusion (5), electron
microscopy (56), gas permeation (57) and low-temperature gas adsorption.
The mercury intrusion method is objectionable in work with fragile mater-
ials due to the possibility of pore collapse. The measurement of pore
distribution with the electron microscope is tedious and is subject to
uncertain coating sectioning effects. The gas permeation method measures
only continuous pores and is sensitive to pinholes in the sheet. Low-
temperature gas-adsorption measurements are tedious but yield results of
proven validity Pore distributions obtained by this method have been
checked by means of the electron microscope (56 58) and by the mercury
intrusion method (59, 60). The gas-adsorption method yields total pore
volume and pore area data in addition to the pore distribution. For
these reasons, this method was used throughout this work.
The interpretation of gas-adsorption isotherms to yield pore-
distribution data is dependent upon the mechanism by which it is assumed
that adsorption takes place. Cohen (61, 62) reasoned that monolayer
gas adsorption was followed by capillary condensation of the absorbate and
based his calculations on this premise. After the publication of the
BE.T. multilayer theory of adsorption (54), the popularly accepted
mechanism was multilayer adsorption in combination with capillary conden-
sation at higher values of relative pressure. Carman (63) has published
experimental confirmation of this mechanism which is now accepted as the
basis for most isotherm interpretation methods.
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In one of the earliest methods for isotherm interpretation,
Shull (64) developed Wheeler's theories (65) based on the assumption
that the pore distribution of the absorbent is Gaussian or Maxwellian
in nature Barrett, Joyner and Halenda (66) developed a treatment
which does not require this assumption but contains an arbitrary constant.
Pierce (67) has published a simplified version of the Barrett, Joyner and
Halenda procedure. Since Pierce's treatment is quite simple and direct,
it will be used throughout this work
Pierce's method is based upon the assumption that some form of
the Kelvin equation,
where
P = gas pressure at equilibrium,
o = saturation vapor pressure of adsorbate,
Y = surface tension,
Mv = molar volume,
r = pore radius,
R = gas constant, and
T = absolute temperature;
is valid over the range of pore sizes in the sample It is also some-
what dependent upon the assumption that the pores in the absorbent are
uniformly cylindrical over their length. The first assumption is valid
since the Kelvin equation has been shown to apply to pores with a radius
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close to 20 A. (67) The second assumption is made for the purpose of
standardizing the computation. It cannot be strictly valid
A third opportunity for error in this treatment is the use of
an arbitrary adsorbed gas layer thickness at various values of relative
pressure. The values for the thickness of this layer are based upon
the average of the gas layers adsorbed on a large number of nonporous
adsorbents. In systems containing large pores, the error due-to this
source is small
The pores in pigment coatings are quite large, and this fact causes
several difficulties in the determination of the isotherm and, conse-
quently, in the determination of the pore distribution. Figure 8 shows
the high relative pressure region of an isotherm obtained with an iso-
lated coating which contained 10.7% starch and the 000-0.5 mu clay frac-
tion. In order to detect the hysteresis loop in this isotherm, it was
necessary to expand the relative pressure scale as shown
The adsorption isotherm was determined according to the method
described by Haselton (53) and Merchant (52). Saturation of the sample,
as determined by an approach from the adsorption side, evidently occurred
at Vg 130 ml. Now, desorption of the sample was begun from this point
and curve A was obtained. If an excess of nitrogen is admitted to the
sample chamber after apparent saturation is achieved and eight hours are
allowed for the attainment of equilibrium, desorption curve B is obtained.
The location of curve B is not changed if 5 or 10 hours are allowed for
equilibrium at this saturation point It is evident that curve B differs
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significantly from curve A, confirming the phenomenon noted by Barrett
and Joyner (68). The saturation point approached from the adsorption
side is too low and is probably caused by "raining" of condensed nitro-
gen on the sample coupled with insufficient time allowance for equilib-
rium. The result, of course, is that the pores are not completely filled
at this apparent saturation value It is doubtful that a true saturation
value can be obtained for this type of isotherm by an approach from the
adsorption side with a reasonable time expenditures
Barrett and Joyner (68) recommend the procedure used to obtain
curve B (Figure 8). This procedure is used throughout the course of
this study. Ries and co-workers (69, 70) advocate a similar method
which they claim yields a valid saturation value In many of their
isotherms, they were able to show the existence of a break in the asymp-
totic approach of the desorption isotherm to the saturation axis.
(This same phenomenon can be noted in curve B if the relative pressure
scale is compressed) They found that saturation values taken at this
"break" showed good agreement with the adsorbent void volume as measured
by mercury displacement This indicates that extrapolation of the de-
sorption curve to the saturation axis yields a true saturation value from
which the internal void volume of the isolated coatings can be calculated.
It is interesting that the P/PO values greater than 0.995 in curve
B again appear to approach the saturation axis asymptotically. This is
probably due to the filling of interparticle voids and, possibly, surface
aberrations in the sample begin to act as pores in this relative pressure
range
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The pore distributions of isolated coatings determined by the
nitrogen adsorption method cannot be considered absolute The following
qualifications should be recalled when the pore data presented herein
re evaluated
1. The pore distributions are based upon computations for effective
circular pore cross sections It is likely that the pores in
coatings have cross sections of all possible shapes
2. The pore distributions should be considered as pore volumes
controlled by pore openings of the size indicated. In other words,
the pore body may be slightly larger or of different shape than
the pore opening. These openings are not necessarily in the sur-
face of the coatings
3. The precision of the pore data at a pore radius of O.10 mu is
estimated to be + 6%; at 0.03 mu the estimated precision is +
3%. These estimates are based upon the possible greatest error
in the physical measurements involved in the determination plus
an allowance for error in the attainment of equilibrium. At
values of pore radii greater than 0.l mu the precision is poor.
The reproducibility of the nitrogen adsorption techniques is well
illustrated in Figure 7b. The points plotted in this Figure represent,
in essence, three desorption determinations on one sample. Some scatter
of points is evident but in general the reproducibility appears to be
excellent
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VOID VOLUME BY MERCURY DISPLACEMENT
The determination of the void volume of isolated coatings by
mercury displacement was intended primarily as an independent check of





Assuming a contact angle
between mercury and coating
surfaces of 130 (52), it can be
shown, through the use of a cap-
illary rise equation (59), that
mercury at atmospheric pressure
will penetrate all pores and
surface aberrations with an ef-
fective circular radius greater
than 6 mu. The void volume deter-
mined by this method includes all
pores and surface aberrations
smaller than this value.
The apparatus used in this
Figure 9. determination is shown in Figure
Mercury Pycnometer 9. The equipment was designed to
provide easy access to and conven-
ient evacuation of the sample cham-
ber. In order to improve the reproducibility with which the 15/20 ground-
glass joint (C) was sealed, this joint was lapped with 600-mesh carborundum
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followed by jewelers rouge. This treatment reduces the quantity of grease
required to provide a vacuum-tight seal of the joint.
The apparatus is assembled with all joints lightly greased. A vacuum
connection is made at the 10/30 ground-glass joint (A) and the sample
chamber (C) is partially evacuated. The lower end of the apparatus is
inserted into a mercury reservoir which is maintained at 25° + 0.1°C.
The mercury is allowed to rise to a point just above stopcock (D). The
apparatus is then evacuated to 1 mm. Hg or less. Mercury is allowed to
fill the sample chamber and rise above stopcock (B). Both stopcocks are
closed and the vacuum connection is broken. With the apparatus in an up-
right position, stopcock (B) is opened for a few seconds to allow the
pressure in the apparatus to equilibrate with atmospheric pressure.
Stopcock (B) is then closed and joint (A) is wiped free of grease. Excess
mercury is cleaned from the tubing above stopcock (B) and below stopcock
(D). The entire assembly is weighed on an analytical balance.
After this weighing, the mercury is run out of the apparatus and
joint (C) is opened and closed. The procedure described above is re-
peated until three successive weighings agreeing within 0.03 g. are
obtained. After these blank measurements have been obtained, a carefully
weighed sample (0.20 g.) of isolated coating is placed into the sample
chamber. The apparatus is assembled and three determinations made as
above. The apparent density is calculated from the following equation:
apparent density = weight of sample/volume of sample
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Four determinations of the apparent density of a 27-lb. coating
were made with the following results: 1.35, 1.36, 1.345, 1.343 g./ml.
The standard error for each determination ranged from 0.75 to 2.14%. The
average error was 1.5%. Therefore, forthe average of four determinations
a precision of 0.75% may be expected; for two determinations, the pre-
cision is 1.0%.
To check the accuracy of this method, the density of a sample of
glass beads was measured with a water pycnometer and found to be 2.36
g./ml. The density by mercury displacement was 2.37 g./ml. Since the
beads were not porous, the two density measurements should agree, as they
do. In a second experiment, the apparent density of type VC Millipore
Filter (0.1 mu pore radius) was measured by the caliper and weight method
and was found to be 0.450 g./ml. The mercury displacement value was 0.449
g./ml. Good agreement between the two values was expected since the
Millipore filter had a very smooth surface and was uniform in caliper.
It can be shown by calculation that normal fluctuations in room
temperature do not affect the results of this test method to a significant
degree. Since the apparatus holds approximately 4.9 ml. of mercury, a
temperature variation of one degree Centigrade occasions a weight varia-
tion of only 0.012 g. This is one-third of the weight variation accept-
able in the method.
In order to calculate the void volume, it is necessary to ascer-
tain the density of the coating. This was done using the buoyancy
principle. Various mixtures of bromoform and carbon tetrachloride were
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admitted to an evacuated chamber which contained a sample of isolated
coating. It was found that the coating floated on a mixture of density
2.38 g./ml. and sank in a mixture of density 2.35 g./ml. This range
shows good agreement with the value calculated for a coating having a
12:100 starch:clay ratio containing 2% moisture. The calculated specific
gravity was 2.37 g./ml. based on a clay specific gravity of 2.6 g./ml.
and a starch specific gravity of 1.5 g./ml. (71).
The void volume of the 100-lb. coating described on page 36 was
determined by this mercury displacement method and was found to be 0.230
ml./g. The desorption isotherm for this coating (Figure 7b) may be ex-
trapolated to yield a saturation gas volume of 145 ml. (S.T.P.). This
volume of gas corresponds to a void volume of 0.226 ml./g, The agreement
between the two values is excellent, This evidence indicates that the
nitrogen adsorption method for the determination of pore distribution does
include all the pores found in this coating and does yield valid void
volume information.
Further work with this mercury displacement method showed that
it was sensitive to the surface conditions of coatings to the extent
that it had only restricted usefulness as a void volume measurement.
Figure 10 compares the void volumes, as determined by nitrogen adsorp-
tion and mercury displacement, of coatings which differ only in coat
weight. The divergence of the two curves increases as coat weight is
decreased as would be expected if the surface aberrations of the coatings




should be recalled that the two methods showed good agreement on a heavy-
weight coating
As additional evidence of the effect of surface conditions upon
mercury displacement void volume, Figure 11 presents a comparison of
values obtained by both nitrogen adsorption and mercury displacement on
supercalendered coatings. Again, the curves diverge as the smoothness of
the coating surface is decreased. In an effort to bring the mercury dis-
placement and the nitrogen adsorption method into closer agreement, a
positive pressure (30 p.S.ia.) was applied to the mercury in the
sample cell. (It was necessary to attach springs to the hooks shown in
the sketch of the apparatus in Figure 9.) At 30 p.s.i.a, mercury pene-
trates pores with an effective circular radius as small as 3 mu. The
values obtained with this procedure are also plotted in Figure ll. The
agreement found is significantly better but it is evident that pressures
considerably higher than 30 p.s.i.a. would be required to establish
agreement between the two methods
As a result of this information, further use of the mercury dis-
placement method for the determination of internal void volumes was
abandoned in favor of the nitrogen adsorption method The data plotted
in Figures 10 and 11 are recorded in Table XVI, Appendix.
CLAY PARTICLE ORIENTATION
It was shown in Figures 2, 3, and 4 that the kaolin clays used in
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this study have a hexagonal platelet shape. It was also shown that the
greatest diameter of these clay particles ranged from 6 to 10 times their
thickness. Particles of this general shape should have a tendency to
orient with their larger surfaces parallel to the plane of the surface
of the body on which they are supported. This can occur with clays in
the dry powder form and does occur to a significant degree when the par-
ticles are deposited upon a smooth surface from a dilute suspension
(72-75). Conceivably this tendency to assume a preferred orientation
can be accentuated by shear and friction forces operating in appropriate
directions The extent to which this does occur in coatings possibly
influences such coating properties as gloss, strength, and pore size and
shape.
The kaolin crystal, Figure 12, is so constructed that the (001)
crystal plane is parallel to the large surface of the clay particle (76).
This makes the measurement of preferred orientation in films containing
these particles basically simple
Any regularly, minutely spaced planes (or more correctly, atoms)
are capable of diffracting an x-ray beam incident upon them at certain
angles, much in the manner that light is diffracted.l The angle at which
diffraction occurs is related to the spacing of the crystal planes through
Bragg's law (77).
For an excellent review of the production, absorption, and diffraction
of x-rays, the reader is referred to "X-Ray Diffraction Procedures"
by Klug and Alexander (77).
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where
0 - incident angle,
d = plane spacing,
= x-ray wave length, and





Figure 12. Kaolinite Crystal Structure
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The intensity of the diffracted x-ray beam is proportional to
the mass of material properly oriented for diffraction (77). The dif-
fracted intensity measured in the Bragg position can be considered a
crude measure of crystal plane of orientation provided the incident x-ray
intensity, the perfection of crystallinity, the weight of the sample,
machine alignment, and the nature of the supporting material can be held
constant. Adherence to these restrictions renders this direct method
difficult to use for the measurement of preferred orientation.
Another possibility for the measurement of preferred orientation
exists. If the x-ray source and the diffracted beam are held in the
correct position for diffraction from a given crystal plane and the sample
is rotated about an axis perpendicular to the plane of the x-ray beams
to an angle a, the diffracted intensity measured under these condition is
due to the number of crystal planes oriented at the angle a to the surface
of the specimen. Depending upon the geometry of the system, certain
corrections for x-ray absorption in the sample are required. This general
type of method is internally standardized and, therefore, does not have
the disadvantages listed for the direct method in which the diffracted
intensity at a = O is considered a measure of orientation.
Decker, Asp, and Harker (78) have used this principle with a
transmission method for the measurement of orientation. Their method
requires the construction of rather expensive apparatus and has the added
disadvantage of not being suited to the study of crystal planes oriented
at small angles to the surface of the specimen. Schulz (79) has developed
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a "reflection" method for use with samples that are infinitely thick to
x-rays. This method can be adapted for use with thin films but, again,
this technique requires rather expensive alteration to the x-ray equipment
available. Field and Merchant (80) have developed a reflection method for
use with thick films that can be adapted for use with thin films. This
method has the advantage of not requiring construction of special attach-
ments for the x-ray equipment. For this reason, the Field and Merchant
method has been modified for use with thin films of pigment coatings.
The photograph in Figure 13 shows the arrangement of the x-ray tube
(A), the divergence slit (B), the specimen holder (C), the receiving
slit (D), the scatter slit (E), and the Geiger tube (F of the Norelco
X-Ray Diffractometer. In the Field and Merchant method, a thick sample
is positioned in the diffractometer and the x-ray intensity diffracted
from a convenient crystal plane is measured. Then, the incident x-ray
beam and the diffracted beam are held at the value of 0 corresponding to
this crystal plane and the sample is tilted away from its original posi-
tion by an angle a. The intensity diffracted from the sample in this
new position is recorded. This intensity arises from diffraction from
crystals oriented at the angle a to the surface of the sample. Now,
since the diffracted intensity is proportional to the number of crystal
planes in position for diffraction, these measurements are related to the
number of crystal planes oriented at the angle a and those oriented in
the plane of the sample surfaces
However, as the sample is tilted away from the normal position,
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the path length of the x-rays in the specimen changes as seen in Figure
14. It is necessary to correct for differences in absorption of the
diffracted beam caused by these changes in path length before the measured
intensities at various values of a can be compared with one another and
with the value obtained at a = 0.
Considering the samples shown in Figure 14 to be infinitely thick to
x-rays, Field and Merchant have presented the following derivation of
the required absorption correction factor.
CASE I CASE 2
Figure 14. X-ray Path in Infinitely Thick Samples
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I = incident x-ray intensity
x = the distance along the incident x-ray path from the
surface to an increment of thickness (dx) at point A
Ia = the x-ray intensity at point A
dx = an increment of thickness along path x
D = the fraction of x-rays scattered per unit thickness of
the sample
y = the path length of the diffracted beam in the sample
Is = the intensity of the diffracted beam leaving the speci-
men in the normal (or a = O) position
I = the intensity of the diffracted beam leaving the sample
in the general case
= the linear absorption coefficient of the specimen
e = the base of natural logarithms
0 = a convenient Bragg angle for the specimen
Working with the general situation, case II, Figure 14, the x-ray
intensity reaching point A is
The incident beam, in passing through the increment of thickness (dx)
along the path x at point A, contributes a minute fraction (D) of its
energy to the diffracted beam.
This portion of the beam which is diffracted at point A loses some of its
energy in traversing the path y from point A to the surface of the
specimen.
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This equation may be simplified by recognizing that x and y are related
through 0 and a.
so that y = xM, where M = sin (0 + a)/sin (0 - a). Then,
Now, if it is assumed that dx is essentially zero in thickness, it is
possible to collect terms and integrate Equation (4). Since the spec-
imen is infinitely thick to x-rays, the integration is from x = 0 to
and
At a = 0 (case I), M = 1, so that
From Equations (6) and (7), the following ratio may be formed:
Equation (8) represents the ratio of intensities that may be expected
in this method due to absorption differences alone; that is, the ratio
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of the diffracted intensity at a = a to the diffracted intensity at
a = 0 if the sample is perfectly randomly oriented. The measured in-
tensities at finite values of a for a partially oriented sample are
divided by the factor 2/(1 + M). This yields an intensity value which
has been corrected for absorption differences and is directly comparable
to diffracted intensities measured at a = 0.
This absorption correction factor was derived for use with speci-
mens which are infinitely thick to x-rays. Paper coating films, except
in rare instances, are not sufficiently thick (approximately 300-lb./
ream for 0 = 18.8°) to fulfill this requirement. It was necessary,
therefore, to modify this correction factor to accommodate thin films
such as those normally used in paper coatings. Schulz (79) recognized
that such a modification is proper but did not carry through experimental
verification of the equation derived. Field and Merchant did not
derive the thin film expression since their method was designed originally
for work with metal sheets which are opaque to x-rays.
The derivation of the thin film absorption correction factor differs
from the Field and Merchant derivation in two respects. First, it is
necessary to integrate Equation (5) from x = 0 to x= x.
and
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CASE I CASE 2
Figure 15. X-ray Path in Thin Samples
The second difference between the thin and thick film equations
arises from the fact that in the case of a thick film, the incident x-ray
beam path length is constant regardless of the value of a. For thin
films, however, the incident x-ray path length decreases as a is increased
(Figure 15). The value of the path length (x) varies as indicated in the
following equation
x = t/sin (0 + a) (11)
Where (t) is the thickness of the sample in centimeters.
Io
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Then Equation (10) may be written
Equation (13) is used in exactly the same way as Equation (8) of
the Field and Merchant method. It should be noted that as (t) becomes
large, Equation (13) reduces to Equation (8).
It is obvious from consideration of Figures 14 and 15 that this
method for the evaluation of preferred orientation is limited to values
of a less than 0. At the tilting angle a = O, the sample cuts off
the diffracted x-ray beam entirely, In the case of kaolin clay coatings
this limitation of tilting angle has no serious consequences.
The Measurement Of Preferred Orientation
Specimen Holder
Figure 16 shows the specimen holder that is used in this method.
The holder was cut from brass; the dimensions are easily adjusted to
fit individual machines. The top surface of the specimen holder was
machined flat so that the diffractometer geometry is not disturbed.

-69-
pressed down on the coating sample. The piece of coating should be cen-
tered over the opening of the specimen holder. If any bows or wrinkles
were visible in the mounted coating, the specimen was discarded.
Additional pieces of coating were cut to the size of the opening of
the specimen holder and placed against the first coating from the under
side. Small drops of Duco cement applied to the corners of the opening
served to hold these additional samples in position. The cement was
most easily applied with a hypodermic syringes
In the preliminary evaluation of this method, it was determined
that differences in the mounting of the coating samples, with respect to
the drawdown direction, had no effect upon the orientation data obtained.
This point should receive considerable attention in future studies with
this method if coatings are prepared by a method which involves large
rates of shear.
Position in the Diffractometer
The specimen holder was placed in the Norelco goniometer sample
clamp as shown in Figure 13. The screw (b), in Figure 16, was turned
down so that the top surface of the specimen holder was flush with the
bottom surface of the sample clamp. The inner edge (d) of the cut-out
portion of the specimen holder was aligned with the reference mark on the
goniometer sample clamp. It was important that this alignment be made
carefully since misalignment resulted in serious defocusing effects
at finite values of a (81).
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Measurement of the Angle
The goniometer was set manually to the value of Q required and
the difference in elevation of the two corners of the specimen holder
was measured with a cathetometer. Since the width of the specimen holder
was known,the angle at which the holder was set may be calculated. To
set the specimen holder at some value of a, the screw (b) was turned up
slightly. The elevations of the corners of the specimen holder were
measured and the new angle was calculated. The difference between this
angle and the angle first measured was, of course, a.
The Measurement of Diffracted Intensity
After the specimen was positioned, the goniometer was set to an
angle several degrees lower than the Bragg angle selected for examina-
tion. The strip chart on the Brown Recorder unit was synchronized with
the goniometer and both units were started. The goniometer was allowed
to traverse the diffraction peak area twice, both times including a
sufficient angular range so that the background radiation may be traced.
An example of a strip chart obtained in this manner is shown in Figure
17.
The dotted lines across the bottom of the peaks in Figure 17
represent the operators estimate of the contribution of background
radiation to the peak area. The peak area was determined by counting
squares and, by use of machine constants, was converted to total counts
received by the Geiger tube. Ideally, the diffracted intensity is best
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39.0 ° 20 3.0 °
Figure 17. X-ray Diffraction Strip Chart
represented by the height of the diffraction peak above the background.
However, due to machine variables, the peak area yields a more reliable
value (82).
Data Presentation
From the raw datum (i.e., the area under the diffraction peaks,
the sample weight per unit area, and the angles 0 and a) the corrected
diffraction intensities were calculated using Equation (8) or (13) de-
pending on sample thickness. The linear absorption coefficient (p) for
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x-rays was obtained from tables of mass absorption coefficients (p/P)
of the elements (77). The approximate chemical composition of the coatings
was necessary. The data in Table III shows the contribution of the various
components of a typical coating film to the total absorption coefficient.
The calculation was made for Cu-Km radiation which was used throughout
this work. The wavelength of this radiation is 1.542 A.
TABLE III
LINEAR ABSORPTION COEFFICIENT CALCULATION
KAOLIN CLAY COATING; 12 PARTS STARCH
Components p/p [Cu-K] P Wt. % Fractional p/p
Al4 (Si 4 010)(OH) 8 30.37 2.6 87.5 26.6
C6H10°5 8.71 1.5 107 0.9
H20 11.3 1.0 2.0 0.2
27.7
p/P = 27.7; and 2.37
The linear absorption coefficient for all computations in this
work was assumed to be 65.5. Some error can be expected due to varia-
tions in chemical composition of the clays and minor variations in coat-
ing composition. Measurements of (p) for various coatings were made by
inserting coating samples between the scatter slit and the Geiger tube.
A collimated, low intensity x-ray beam was employed. From a knowledge
of the weight of the coating per unit area and the decrease in intensity
of the x-ray beam entering the Geiger tube, it was possible to calculate
(p) from the following equation:
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where
x = sample thickness in centimeters,
I = x-ray intensity without the coating in place,
I x-ray intensity with coating sample in place, and
e = the base of natural logarithms.
The measured values of (p) ranged from 63.8 to 71.6 with most values
grouped around 65-67. The experimental data are recorded in Table XV,
Appendix. These measured values are subject to experimental error,
particularly in the measurement of (x). The results do show that the
measured values of (p) agree well with the calculated value.
After the measured intensities have been corrected for absorption
losses, the corrected intensity at various values of a was divided by
the standard intensity measured at a = 0. This yields a Relative In-
tensity, a figure which represents the ratio of the number of crystal
planes oriented at various values of a to the number oriented in the
plane of the coating surface. For graphic presentation, the values of
Relative Intensity are plotted against a as shown in Figure 18. Generally,
the orientation values reported in this study represent the slope of
the best straight line drawn through data points from three composite
samples.
It is to be expected that these "orientation profiles" should have
the form of a distribution curve. That is, the straight line presented
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in Figure 18 probably represents the greatest slope of a curve which
approaches the ordinate abruptly and the abscissa asymptotically.
Accuracy limitations preclude work at values of a less than one degree
and the diffracted radiation beyond a = 150 is too low for satisfactory
work in this range so that definition of an actual distribution curve
is impractical under present conditions.
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Equation Validity
Equation (13) may be proven valid as a correction factor for x-ray
absorption in thin films simply by the examination of a randomly oriented
thin film. Some difficulty was encountered in the preparation of such
a film. Several attempts were made to form a thin film of ground NaCl
suspended in collodion. In all cases, visibly nonuniform films were
obtained. Annealed aluminum foil was also used but was found to wrinkle
when slightly heated by the x-ray beam. Attempts to deposit a thin
film of MgO upon a very thin collodion film were also unsuccessful.
Decker, Asp, and Harker (78) used exposed x-ray film to prove the
validity of the absorption correction factor for a "transmission"
orientation method. These workers found that the silver halide crystals
in such film were randomly oriented. The possible effects of the
supporting material (usually cellulose acetate) were neglected.
In the present work, the gelatin emulsions, containing the silver
halide crystals, were stripped from two exposed photographic films and
examined by the method described. The emulsion portion of the exposed
films was freed from the cellulose acetate support by soaking the films
in chloroform for six hours. The photographic films used were Cronar
ortho A litho (Du Pont) and Royal Pan (Eastman Kodak).
The absorption coefficient (p) appears in Equation (13) only as
the product pt, where (t) is the thickness of the material to be examined.
The value of pt for each film was measured by inserting pieces of the
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CRONAR ORTHO A LITHO
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emulsion layer into a collimated x-ray beam and recording the decrease
in intensity received by the Geiger tube. The value of pt was then ob-
tained from the following equation:
The emulsion films were then mounted on the specimen holders and exam-
ined for particle orientation. The slit system of the diffractometer was
modified to avoid defocusing errors (see pages 81to 88). Absorption
losses were corrected by Equation (13). The measured intensities for
both films are plotted in Figure 19. The orientation profiles are
shown in Figure 20. The data are recorded in Table XVII, Appendix.
The experimental points in Figure 20 form a straight line of
zero slope, an orientation profile which is characteristic of a randomly
oriented film. The points for both films fell on the same line even
though the pt values for these films were quite different. On the basis
of these two experiments, it may be concluded that Equation (13) is valid.
Reproducibility
Machine, Angle, and Data Calculation Variables
Figure 21 shows the extent to which variables inherent in the
Norelco X-Ray Diffractometer, the variables in angle measurement, and the
variables in the measurement and correction of intensity affect the re-
producibility of this method for the evaluation of orientation in thin
films. A 22.6-lb. coating was mounted on the specimen holder and placed
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in the diffractometer. A set of duplicate measurements was obtained over
the range of a from 0 to 15°. Without removing the specimen from the
diffractometer, the angle a was set back to zero and the measurements
were repeated. This was done a third time. With the exception of one
point, all the measurements fall on the same curve. One may conclude
that these variables do not have a significant effect upon reproducibility.
The pertinent data are recorded in Table XIII, Appendix.
Mounting and Specimen Positioning Variables
Upon completion of the above, the coating was removed from the
specimen holder by dissolving the cement in ethyl acetate. The sample
was remounted on the holder, positioned in the diffractometer and another
set of measurements was made. This was done once more to obtain three
independent mounting, positioning, and measuring variability estimates on
the same sample. The results are shown in Figure 22 and are recorded in
Table XIX, Appendix. This experiment demonstrates that the variability
introduced into the test by mounting and positioning variables is slight.
The slight lateral displacement of one of the curves is probably due to
a slight wrinkle or curvature in the sample surface or to a misalignment
of the specimen holder in the diffractometer (81).
Sample Variability
In the later stages of the development of this method, it became
evident that the chief difficulty in obtaining reproducibity was the
result of a wide range of particle orientations existing within a
given coating sample. Figure 23 shows four orientation profiles obtained
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from four single samples of a 27-lb. coating. The time required to obtain
these profiles was 10 hours. It is obvious that the time required to ob-
tain a valid average profile would be excessive. To avoid this diffi-
culty, a composite sample was used. In this method, up to seven pieces
of coating are examined at the same time (page 69). The effect is to
produce an average profile which is weighted in favor of the coating
samples near the top of the stack.
Figure 24 presents the average of the four profile curves shown in
Figure 23 and the two profiles obtained by the composite method. The
agreement between the curves is satisfactory. The experimental data are
recorded in Table XX, Appendix.
General Discussion
The majority of the orientation work in this study was performed
with a symmetrical slit system in the x-ray diffractometer. In a symmet-
rical slit system, the divergent and scattering slits (see Figure 13) have
the same angular value. A receiving slit was also used and was placed at
the theoretical focal point of the diffracted beam. The use of such a
system markedly increases the resolving power of the diffractometer (81).
During the course of the analysis of orientation in photographic
film, it developed that the results obtained with a symmetrical slit system
differed from the results obtained when the receiving and scattering slits
were removed from the diffractometer. Orientation profiles obtained with
Cronar ortho A litho film using 3 different slit systems in the diffracto-
meter are presented in Figure 25. In the case of the examination made
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using the symmetrical slit system, the profile has a definite slope.
Where the receiving slit was removed and the scattering slit enlarged, the
data points fell about a straight line of zero slope.l The experimental
data are recorded in Table XXX, Appendix.
It can be shown that the difference inthe orientation profiles
noted in Figure 25 arises from defocusing of the diffracted x-ray beam
when the sample is tilted as it is in this method. Chernock and Beck
(81) have presented a discussion, similar to the one which follows, of
errors in the Schulz (79) method for the determination of preferred orien-
tation in thick samples. Their analysis was for a system totally differ-
ent from the method used in the present study but some of the comments
apply.
It is apparent from Figure 26 that the area of the sample covered
by the incident x-ray beam is dependent upon the divergent slit (b)
width. In true parafocusing (56), the specimen is curved so that all
portions of the incident beam strike the specimen at the same angle.
When a flat specimen is employed, as in the present case, only the cen-
ter of the x-ray beam strikes the specimen surface at the indicated angle.
The edges of the beam strike the sample at some slightly divergent angle;
1 The data presented in Figure 25 were obtained by use of the entire
photographic film rather than the emulsion layer alone. The fact that
the profiles obtained show random orientation indicates that the silver
halide particles behave as though they were uniformly distributed
throughout the entire film, including the cellulose acetate support.
Although this interesting situation was not further investigated, it is
felt that this can only occur in systems where the value of pt for the
layer of interest and the value of pt for all layers are quite close.
the difference between these angles and the center angle being greater
as the divergent slit width is increased.
If the center of the incident x-ray beam is at the correct angle to
diffract from a given crystal plane, the edge portions of the
beam cannot be. These edge beams can, however, diffract from crystal
planes which are tilted away from the plane of the specimen surface.
This results in a slightly unfocused diffracted x-ray beam. Depending
upon the width of the divergent (b), receiving (c), and scatter (e) slits
(Figure 26), a certain amount of this divergent radiation is received by
the Geiger counter. The result is an increase in measured intensity over
that which is received from those planes which are oriented exactly in
the plane of the specimen surface. In other words, the diffracted in-
tensity measured at a = 0 is that received from crystal planes oriented
at a = 0 + 0.125° (for a 1/4° divergent slit) less a portion of radiation
which may be blocked by the receiving and scatter slits.
In the case where the sample is tilted to an angle a to its
normal position, the situation described continues to exist and further
defocusing of the diffracted x-ray beam is caused by the movement of the
irradiated edges of the specimen farther from the focusing circle of the
goniometer (see Figure 27). If the same slit system is used throughout
an analysis, the measured intensity at finite values of a, due to this
additional defocusing, is considerably lower than it should be.
From Figures 26 and 27, it may be reasoned that the distortion
of the experimental data due to these focusing difficulties is a function
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of a alone if 0 and the slit system used are held constant. [It is
conceivable that specimen thickness may contribute to this defocusing
problem. The geometric analysis of the effect of sample thickness is ob-
scured by the effects of x-ray absorption in the sample. However, the
samples used are so thin that significant effects of thickness are
unlikely.] Since this was done throughout the work with coating speci-
mens, the results obtained are valid and comparable but they do contain
a small, constant error.
The magnitude of the error introduced into the orientation de-
termination by defocusing effects is shown graphically in Figure 28.
Five coating samples (including 3 different degrees of orientation and
4 sample thicknesses) were examined using the slit system which was
used throughout the study of coatings: 1/4° divergence slit, 0.006-in..
receiving slit, and 1/4° scatter slit. The specimens were also analyzed
using the following slit system to avoid defocusing errors: 1/4° diver-
gence slit, no receiving slit, and a 4° scatter slit. The experimental
data are recorded in Table XXII, Appendix.
The data points for all the specimens are scattered aboutone
line. There is no significant trend revealing effects of sample thick-
ness or orientation. It seems reasonable to conclude that the error
introduced into the determination is constant and, therefore, the results
reported in this work, although not absolute, are comparable.
It is recommended that future work with this method be carried




There is a second minor criticism of this method: measured in-
tensity values are corrected using a precise value of 0 in Equation (13);
the intensity measurements are made over a range of O values which may
include 0.75° in some cases. The error introduced into the calculated
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INVESTIGATIONS OF COATING STRUCTURE
This portion of the study is directed primarily at demonstrating
the usefulness and capabilities of the structure analysis techniques
which have been described in the previous section. Of no less impor-
tance is the secondary objective, that of gaining an insight into
coating structure and the way in which it is altered by several selected
independent variables.
The scope of this work is far too narrow to allow a complete
evaluation of coating structure variables or even more than a cursory
examination of the independent variables which have been selected for
study. However, the information established here, in spite of its
limitations in scope, provides for the first time quantitative values
of a basic nature which are useful in understanding the end-use properties
of coated papers. It is not within the scope of the present work to
develop relations between structural characteristics of clay coatings
and their end-use properties.
COATING REPLICATION
It has been shown that the techniques used to evaluate structure
in pigment coatings have satisfactory precision and reproducibility. In
order to demonstrate that the coatings may be prepared in a reproducible
manner, two coatings containing the 0.5 - 1.0 mu clay fraction and Stayco
M starch in a 12:100 ratio were prepared independently. In so far as
possible, all coating conditions were made equal. The results of the
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analysis of these coatings are listed in Table IV. The experimental




Clay particle size, mu
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Color solids, %
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Pore distribution
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aThe orientation values reported in the remainder of this work
have not been corrected for the constant defocusing error
discussed on pages 81 to 88.
The pore distributions are presented graphically in Figure 29. Coating
J appears to have a sharper peak in the distribution curve than does
coating B but in other respects the two curves are essentially the same.





than the estimated precision of the nitrogen adsorption method in the
region of pore radii from 0.028 to 0.060 mu.
The surface area and the void volume of coating B are slightly
lower than the corresponding values for coating J. The magnitude of
these variations is sufficiently great that "control" or reference
coatings should be prepared in each experiment.
THE EFFECT OF CLAY PARTICLE SIZE ON COATING STRUCTURE
Three coatings, each containing a different particle size clay
fraction but otherwise identical, were prepared, air dried at 73°F. and
50% R.H., isolated and analyzed according to the procedures described.
The coating conditions and the results of the analysis are listed in
Table V. The pertinent data are recorded in Tables XXVI, XXVII, and
XXVIII, Appendix.
Although clay particle size is the only independent variable em-
ployed in this first segment of the study of coating structure, other
properties of the clay may vary among the three clay fractions. No
account has been made of variations in such clay properties as crystal
perfection, the presence of small amounts of nonkaolin impurities and
ion substitution.
The B.E.T. surface area, or unbonded area, of these coatings
decreases substantially as the particle size of the clay used in the
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Clay particle size, mu
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Rawstock pore size, mu
Coat weight, lb./ream
B.E.T. surface area, M 2/g.
Pore distribution
Volume av. radius, mu
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aSurface area calculated from pore distribution.
Figure 30, offer an obvious explanation for this occurrence; it is evi-
dent that the pore distributions become increasingly coarser as the clay
particle size of the coating is increased while the internal void volume
is not sufficiently increased to offset the effect of pore size.
One further observation can be made with respect to the surface area
values for coatings A, B, and C. If the assumption is made that most of
the starch in the coating color is, at some time during the drying of the
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coating, deposited uniformly over the surface of the clay particles, it
is possible to calculate a new "total area" of the clay-starch combination.
The increased area stems from the increased dimensions of the clay
particles due to the "adsorbed" starch film. The details of this calcula-
tion are given in Appendix II. If this new "total area" is then used in
calculations of the per cent bonded area of the coatings listed in Table
V, it develops that the percentage bonded area is essentially identical
for all three coatings at about 60%. Superficially, this appears to be
in contradiction to what might be expected from a consideration of the
role of surface tension in drying operations (33). There is no basis
for further discussion of this point since information on vehicle and
adhesive migration, rate of drying and so forth was not obtained. The
assumptions involved in this calculation are rather gross but the interes-
ting result of these data manipulations indicates that further investi-
gation might be informative.
One of the most interesting aspects of the pore-distribution data
is the range of pore sizes present in these coatings. Previous work by
Carson (1) had indicated that the average pore radius of a single coated
book paper was 0.3 mu. The present data show that the vast majority of the
coating pores are between 0.025 and O.l mu in radius. The discrepancy
between these values and the larger value found by Carson is probably due
to the sensitivity of the air permeability method used by the latter to
very large pores or pinholes. These pinholes are inherently more likely
to occur when coatings are deposited upon a rough surface such as that
of a paper rawstock. It should be recalled that, although the nitrogen
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adsorption method can detect pores with radii of 0.5mu, this method is
not suited to the quantitative evaluation of pores of this size. Pores
with radii this large are, in many cases, as large as the clay particles
themselves and are more aptly classified as pinholes.
A second interesting aspect of the pore data appears when the B.E.T.
area of the coatings is compared to the surface area calculated from the
pore distributions. Although in all coatings examined in this study the
calculated pore area and volume was larger than the measured values, only
in the case of coating C was this difference considered significant.
Ries and co-workers (70) state that this phenomenon is due to the presence
of constricted pores in the absorbent. If the Pierce method for the com-
putation of pore distributions is modified to handle various pore shapes,
the only shape capable of fitting the measured and calculated pore volume
and area data is the constricted pore. Admittedly, this is not proof of
the existence of such pores in this coating since a portion of the
area difference noted could also be due to the cross-section shape of the
pores. The evidence is such, however, that it seems wise to regard the
pore distribution in coating C as pore volumes controlled by pore openings
of the size indicated.
The nitrogen adsorption method cannot indicate the size of the pores
which open to either surface of the coating. This deficiency is not
important in the case of coatings A and B since the range of pore radii
included in these two coatings is quite narrow. Since the pore openings
at one surface must also have a distribution, it is unlikely that there
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is a substantial difference in the pore openings of the two surfaces.
In the case of coating A, 86% of the pore volume is in pores with radii
between .025 and .050mu; in coating B, 84% of the void volume is in
pores with radii between .032 and .075mu. [The remaining pore volume
is made up of pores sufficiently large and, therefore, few in number to
be considered as a type of surface depression.] It is reasonable to
assume, then, that the pore distribution through the thickness of these
two coatings is essentially uniform.
There is no basis for a similar conclusion in the case of coating
C. Figure 30 shows that the pore distribution in this large clay particle
size coating may have two maxima: a small peak in the curve at .040mu
and a broad maximum in the range 0.065 to O.lOmu. This same coating
showed evidence of being composed, in part, of constricted pores. Based
on these two items, the following idealized diagram of a possible coating
pore structure is presented.
A
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The nitrogen adsorption method can give no indication whether pore
openings A and B are distributed between the two coating surfaces or
whether the larger opening may exist preferentially in one surface of
the coating. Further investigation of the pore structure of this coating
might prove interesting.
The clay particle orientation in these three coatings is of interest.
Hemstock (47) felt that the large particle size clays orient to a greater
degree than do smaller particles. X-ray examination of these coatings
showed that the largest clay fraction (1.0-2.0 ) actually had the poor-
est particle orientation. Conceivably, this could result from the rapid
flow of vehicle from the comparatively large interparticle spaces which
should exist in this coating. The clay particles would not have the
time required to align themselves in the plane of the rawstock surface
before they became immobilized. The comparatively large mass of these
particles would offer additional resistance to alignment by fluid fric-
tion forces during the vehicle migration stage.
The degree of particle orientation in the two smaller particle coat-
ings is nearly identical although the values are consistently lower in
the case of the 0.0-0.5mu coating when compared to the 0.5-1.Omu coating.
This may be due to the fact that the 0.0-0.5 muclay fraction particles
are quite "chunky" when compared to the clay particles of the larger
size fraction. An additional factor is the possibility of the presence
of small amounts of nonkaolin impurities in the smallest size clay frac-
tion although x-ray examination of this fraction indicated no significant
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content of impurities. A third possibility capable of explaining this
observation is that of small clay particles tipping into the pores of
the rawstock. The majority of the clay particles in the 0.0-0.5 mu
fraction are actually smaller than the pores in type HA-MF rawstock.
To examine this possibility, the same coating color used in preparing
coating A was also used to prepare 20-lb./ream coatings on type VC and
type AA-MF rawstock (0lOmu and .8Omu pore diameter). These coatings
were isolated and analyzed for particle orientation. The results are
listed in Table VI; the data are recorded in Table XXIX, Appendix.
TABLE VI
THE EFFECT OF RAWSTOCK PORE SIZE ON CLAY PARTICLE ORIENTATION
Coating
E A G
Clay particle size, mu 0.0-0.5 0.0-0.5 0.0-0.5
Color solids, % 55 55 55
Starch:clay ratio 12:100 12:100 12:100
Rawstock pore size, mu .10 .45 .80
Coat weight, lb./ream 21.2 22.6 19.8
Orientation, slope, AR.I./° -6.060 -0.060 -0.057
All of these rawstocks are extremely smooth so that the surface
roughness differences should have only minor effects' upon particle orien-
tation. From the data in Table VI, it is apparent that the tipping of
clay particles into the pores of the rawstock is not a significant effect
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until the rawstock pore radius is considerably greater than the largest
diameter of the clay particles.
There appears to be a relationship between the degree of particle
orientation and the internal void volume of coatings A, B, and C. That
such a relationship should exist is reasonable since poorly packed par-
ticles have large interparticle spaces. The data presented are not suf-
ficient to clearly establish this correlation; adhesive retention, raw-
stock roughness, etc. must also affect void volume and particle orien-
tation.
THE EFFECT OF COAT WEIGHT UPON COATING STRUCTURE
Three coatings, 10, 20, and 30 lb./ream, were laid down upon
type HA-MF rawstock from the same coating color. The coatings were air-
dried at 73°F. and 50% R.H. and then isolated and analyzed. The results
of the analysis are listed in Table VII. The analytical data are re-
corded in Tables XXX, XXXI, and XXXII, Appendix.
The most striking point illustrated by these data is the similarity
between these three coatings. Coating D (10.8 lb./ream) appears to have
a slightly coarser pore structure than the two heavier coatings (Figure
32). This is reflected in the lower B.E.T. surface area of this coating.
Figure 32 indicates rather exaggerated differences in the pore structure
of these three coatings due to pronounced differences in their weight/
unit area. If the actual volume of pores, per unit area of coated surface,




Figure 33. Pore Distributions - Volume Basis
Coatings D, B, and E
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TABLE VII
THE EFFECT OF COAT WEIGHT UPON COATING STRUCTURE
Clay particle size, mu
Starch:clay ratio
Color solids, %
Rawstock pore size, mu
Coat weight, lb./ream
B.E.T. surface area, M2/g.
Pore distribution
Volume av. pore radius, mu
Distribution peak, mu
Range, mu 90%







































additional coat weight merely serves to increase the volume of pores
whose radii lie between 0.030 and 0.085mu. Unfortunately, the nitrogen
adsorption method lacks precision in the range of pore radii above 0.085
muso that the differences in the three curves in this region cannot be
considered significant.
Eames (83) has found evidence that lightweight coatings lose propor-
tionately less adhesive to the rawstock during the migration stage of
drying than do heavier weight coatings. This information, coupled with
the observation that the 10.8-lb. coating set, or lost its watery sheen,
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more rapidly than the 20- and 30-lb./ream coatings, indicates that the
slight increase in the coarseness of the pore structure of the 10.8-lb./
ream coating may be due to the following:
1. The vehicle drains from the lightweight coating into the raw-
stock rapidly and immobilizes the clay particles before they
orient as well as in the heavier coatings. (This decrease in
orientation shows up in the values reported for particle orien-
tation although, statistically, the three orientation values
are identical.) The less well-oriented clay particles provide
the basis for a coarse pore structure.
2. The proportionately larger amount of adhesive retained in the
lightweight coating is sufficient to fill in or establish
bonds across the smaller interparticle spaces to the extent that
the surface area remaining is slightly lower than in the heavier
weight coatings.
It is unlikely that this indicates a stratification of the pore
structure of heavier coatings; that is, a zone near the rawstock-coating
interface which has a coarser pore structure than the remainder of the
coating. Such a structure would probably require a break in the tiny
water columns which exist in the wet coating. Conceivably, some strati-
fication of pore structure could arise from variations in adhesive




THE EFFECT OF SUPERCALENDERING UPON COATING STRUCTURE
Clay particle size, mu
Starch:clay ratio
Color solids, %
Rawstock pore size, mu
Coat weight, lb./ream
Supercalender nips
Gloss, B & L, %
Opacity, R./Roo, %
450 p
B.E.T. surface area, M/g.
Pore distribution
Volume av. pore radius, mu
Distribution peak, mu
Range, 90%, mu 0











































THE EFFECT OF SUPERCALENDERING UPON COATING STRUCTURE
Twenty-four 4 x 5-in. sheets of type HA-MF rawstock were coated with
the same coating color and then air-dried at 73°F. and 50% R.H. These
coated sheets were divided into three groups of eight sheets each. One
of these groups was not calendered; a second group was passed through one
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nip of a laboratory supercalender at a pressure of approximately 800
pounds per linear inch; the third group of sheets was passed through 3-4
nips of the supercalender at the same pressure. The specular gloss (75°)
of the coated sheets was measured using the Bausch and Lomb glossmeter.
The coatings were isolated and the printing opacity of the isolated
coatings was measured with the General Electric Recording Spectrophoto-
meter using a modified sample aperture.1 The coatings were then analyzed
according to the procedures described. The results of this analysis are
listed in Table VIII. The pertinent experimental data are recorded in
Tables XXXIII, XXIV, and XXXV, Appendix.
Before discussing these data, it should be noted that there exists
an unexplored possibility that the MF rawstock and a paper rawstock may
behave entirely differently in the supercalendering operation. Super-
ficially, at least, the MF rawstock-coated sheets responded to super-
calendering as does coated paper. The caliper of the coated sheets was
reduced from 6.2 mils to 3.0 mils and the sheets became visibly less
opaque. The gloss measurements listed in Table VIII show that the sur-
face of the coating was smoothed considerably.
A continuous increase in the degree of pigment particle orientation
is evident as the amount of supercalendering is increased. This in-
crease in particle orientation would, perhaps, have been more pronounced
IThe sample aperture of the spectrophotometer was reduced from 1.25-in.
diameter to 0.5-in. diameter in order to accomodate the small coating
samples. A blank reading was obtained to correct for reflection from
the annulus of the aperture-reducing device. This blank was then
substracted from both the Ro and the Roo readings.

if the surface of the MF rawstock had been roughened before the coating
was laid upon it.
The realignment of pigment particles is accompanied by an increase
in the unbonded surface area of the coatings. This is to be expected
since it is unlikely that significant realignment of pigment particles
could occur without the rupture of pigment-adhesive or adhesive-adhesive
bonds. That rupture of bonds occurs in the coating during the super-
calendering operation has previously been suggested (7).
More interesting is the change in the pore distributions of these
coatings occasioned by supercalendering. From Figure 34 it is apparent
that supercalendering causes both a compression of large pores and an exr
pansion of some of the smaller pores. Both could occur as a result of
mechanical rupture of pigment-adhesive and/or adhesive-adhesive bonds.
It is equally interesting that this shift in the pore distribution of the
coating occurred without a simultaneous change in the internal void
volume. This indicates that the coating possesses certain properties
of an elastic solid since any compression of the coating must have been
reversible in spite of the fact that the distortion produced in the
coating was sufficient to cause the rupture of bonds.
It has been a common observation that coated papers suffer a loss
in opacity during the supercalendering operation. The information pre-
sented here indicates that the loss in opacity probably occurs solely in
the rawstock since the opacity of the isolated coating actually was in-
creased by the supercalendering operation. This concurs with Tollenaar's
-109-
(2) finding that supercalendering produced only a compression of some
"inner layer" of coated papers.
THE EFFECT OF RAWSTOCK SURFACE ROUGHNESS AND COLOR DISPERSION ON COATING
STRUCTURE
In order to demonstrate that mechanical color dispersion and rawstock
surface roughness can affect coating structure, a coating color was pre-
pared as described on pages 30 and 31 with the exception that the color
was not passed through the dispersion mill. A 20-lb./ream coating was
deposited on type HA-MF rawstock and allowed to air dry at 73°F. and 50%
R.H. This coating was isolated and analyzed. The results of the analy-
sis are listed in Table IX.
A second coating was deposited upon sheets of type HA-MF rawstock
whose surface had been slightly roughened. The surface of the MF rawstock
was roughened by pressing it against a sandblasted brass plate at 20
p.s.i. for one minute. The position of the rawstock against the plate was
changed by 180° and the pressing was repeated. This treatment reduces the
caliper of the rawstock by only 2%. The analysis of this coating is also
presented in Table IX. The analytical data for both coatings are re-
corded in Tables XXXVI and XXXVII, Appendix.
It is interesting that the pigment particle orientations in coat-
ings B-J and H are identical and yet the surface area of coating H is
significantly larger than that of coating B-J. This indicates that the
action of mechanical dispersion is not that of dispersing pigment par-
ticle agglomerates but dispersion or mixing of the adhesive throughout
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TABLE IX
THE EFFECT OF COLOR DISPERSION AND RAWSTOCK SURFACE CONDITION
ON COATING STRUCTURE
Clay particle size, mu
Starch:clay ratio
Color solids, %




































a Since a reference coating
and I, the average values
was not directly available for coatings H
of coatings B and J are reported.
the color to allow more uniform and complete bonding of the pigment
particles. It is reasonable that the orientation was not improved by
mechanical dispersion since the pigment had already been chemically dis-
persed.
In the case of coating I in which a nondispersed coating color was
spread upon a slightly roughened rawstock, it is evident that the clay
particle orientation suffers considerably when compared to the same coat-
ing laid upon a smooth rawstock (coating H). This indicates that the
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surface roughness of the rawstock is transmitted through much of the coat-
ing otherwise the effect upon particle orientation would be less. The
surface areas of coatings H and I are identical, which implies that
the coating color and rawstock pore systems reacted in the same way re-
gardless of the surface condition of the latter.
No pore distribution data were obtained for coatings H and I.
-112-
SUMMARY AND OBSERVATIONS
This investigation has been directed at the development of methods
useful for the evaluation of the physical structure of clay coatings.
The coatings examined in this work were prepared by the deposition of
aqueous clay-starch coating colors upon a porous rawstock. The rawstock
used, Millipore filter, had a smooth surface, pores whose long axes were
perpendicular to the plane of the sheet and a structure not destroyed
by water. This material is best considered as an idealized coating raw-
stock. The differences between this material and paper rawstocks must
qualify comparisons of the coatings analyzed here and coatings laid on
paper rawstocks.
During the course of this work a method was developed for the iso-
lation of clay-starch coatings from Millipore filter in pieces of con-
venient size. By dissolution of the rawstock in several baths of
ethyl acetate, coatings as light as 4 lb./ream were isolated. Evi-
dence was presented to show that the isolation treatment did not affect
the strength, the clay particle orientation, the surface area, the void
volume and the pore distribution of coatings. Traces of "trapped" ethyl
acetate remained in the coating after the isolation treatment. During
the coating isolation procedure a film which stained blue with iodine
solution was observed to break loose from the surface of the coating which
had been in the coating-rawstock interface. This material was assumed to
be that portion of the starch adhesive which had migrated into the rawstock.
It was shown in this investigation that low temperature nitrogen
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adsorption measurements are sufficiently flexible to describe the surface
area, the internal void volume and the pore distribution of isolated
coatings. Particular care was required in the determination of the nitro-
gen desorption isotherm since the samples available were small and most
of the useful data were obtained at values of relative pressure greater
than 0.96. It was necessary to start the desorption isotherm from the
point of complete saturation of the sample in order to assure proper
location of the curve. The nitrogen adsorption technique lacks pre-
cision in the very high relative pressure region (above 0.99) thus pre-
venting the accurate description of pores larger than 0.2 muin diameter.
In the case of most of the coatings examined in this work this was not a
significant limitation.
An established x-ray diffraction method was modified to measure
the extent of preferred orientation, with respect to the plane of the
coating surface, of pigment particles in coating films. The method
requires only that the pigment particles have a regular shape with a
particle surface in constant relation to a crystal plane of the pigment.
The original method was based on established principles and was designed
to evaluate the degree of preferred crystal orientation in samples which
were infinitely thick to x-rays. The present modification allowed the
method to be used on films which were not infinitely thick to x-rays.
Experimental confirmation of derived absorption correction factors was
obtained. Within sample variation in the test results was shown to be
quite large but was counteracted by the use of composite samples. It
was shown that the results presented in this report contain a constant
error that resulted from defocusing of the diffracted x-ray beam. The
magnitude of this error was established and a suggestion for avoiding it
was presented for systems where fine resolution of the diffracted x-ray
beam is not important.
It was shown that a mercury displacement method for the measure-
ment of the void volume of isolated coatings was sensitive to the surface
conditions of the coating to the extent that the method had only
restricted usefulness.
With certain selected experiments it was demonstrated that the meth-
ods described herein were capable of detecting differences in coating
structure arising from variations in coating composition, coating con-
ditions and subsequent treatment of the dried coated sheets. The scope
of this study was not sufficiently broad to permit conclusions based on
the results of these experiments. However, the following observations
were recorded.
1. The pore sizes of the clay coatings examined in this work were
considerably smaller than had been indicated by previous work
in this field. Pore radii of 0.3 mu for single-coated book
paper and 0.2mU for double-coated book paper were obtained by
an air permeability technique (l). The present work indicates
that few of the pores in the coatings analyzed had radii larger
than .l mu. The majority of the pores had radii between 0.025
and 0.075 mU. The discrepancy noted was attributed to the use of
a smooth rawstock in the present work and to the sensitivity of
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the air permeability method to very large pores and pinholes.
2. The pore structure of the coatings examined varied significantly
when three different particle size fractions of a clay were used
in the coating. The pore structure became finer and encompassed
a narrower range as the average clay particle size was decreased.
As would be expected, the free surface area of the coatings
increased as the particle size of the clays used in these
coatings was decreased.
3. The pore structure of clay coatings was essentially uniform
through their thickness in the case of two coatings containing
small (under 1 mu particle size clays. A coating containing a
larger particle size clay fraction had a pore distribution which
was indicative of nonuniform transverse pore structure.
4. The degree of preferred orientation of clay particles in coatings
was found to be dependent upon the average particle size of the
clay used in the coating. The large (1.0-2.0mu) particle size
clay fraction coating had the least orientation. The small (0.0-
0.5 mu clay fraction yielded coatings whose orientation values
were only slightly lower than those of the 0.5-1.0 mu clay frac-
tion coatings. Reasons for this behavior pattern were not
developed. It was suggested that the degree of particle
orientation was a function of particle size, shape and mass and
the rate of vehicle migration into the rawstock. Rawstock pore
size was shown to have no effect upon clay particle orientation
until the pores of the rawstock were considerably larger than
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the greatest dimension of the clay particles. This indicated
that the suface pores of the rawstock were plugged by agglomer-
ates of clay particles. In those coatings containing various
particle size clays there appeared to be a relationship between
the clay particle orientation and the void volume of the coating.
This relationship was not investigated further.
5. Coating weight differences (10-20-30 lb./ream) did not appear
to have large-scale effects upon coating structure in the case
of three coatings which contained the 0.5-lOmu particle size
clay. The lightweight coating (10.8 lb./ream) did have a slight-
ly coarser pore structure than did the heavier coatings. The
free, or unbonded, surface area of the light coating was
slightly less than that of the heavier coatings. This was
attributed, tentatively, to rapid immobilization of the pigment
particles in the coating color when the color was laid on the
rawstock and to lower percentage adhesive loss to the rawstock.
Clay particle orientation and internal void volume appeared to
be independent of coat weight.
6. Supercalendering of coated Millipore filter sheets produced
some realignment of clay particles, rupture of pigment-adhesive
and/or adhesive-adhesive bonds, and a shift in the pore structure
of the coating. The most interesting effect of supercalendering
was the simultaneous compression of some large pores and the en-
larging of some small pores. The void volume of the coating
was not altered by supercalendering in spite of the fact that
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the distortion of the coating was sufficient to cause rupture
of bonds. The opacity of the isolated coating was increased
by supercalendering.
7. Mechanical treatment (passage through a dispersion mill) of a
coating color increased the bonding occurring in the coating but
had no effect upon the degree of particle orientation. This in-
dicates that the chief benefit derived from this treatment,
neglecting rheological effects, was more intimate and uniform
mixing of the pigment and adhesive. The coating concerned was
prepared from a chemically well-dispersed clay slip.
8. Roughening the surface of the Millipore filter rawstock had a
comparatively large effect upon the pigment particle orientation
in the coating but did not affect the free surface area. The
surface roughness of the rawstock was evidently transmitted a
considerable distance into the coating.
As a general conclusion it may be stated that this work has estab-
lished and demonstrated a system for the study of the physical structure
of clay-starch coating films. Extension of this work to the evaluation
of variations in the structure and the end-use properties of coatings
which are related to structure will make possible a more fundamental
understanding of the properties of coated papers of interest to both the
producer and the consumer.
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SUGGESTIONS FOR FUTURE WORK
A peculiarity of this study lies in the fact that much of its value
is dependent upon the use made, in the future, of the system described
herein for the analysis of coating structure. In an effort to stimulate
interest in work with this method the following suggestions are presented:
1. Perhaps the most important phase of the future work is a con-
tinuation of the study of the effects of component and process
variables on coating structure. Studies of the effects of such
variables as pigment mixtures, color solids, rawstock pore size,
adhesive ratio, coating method, moisture content in supercalender-
ing, etc., should lead to a more fundamental understanding of the
coating process. Coupled with these studies should be an evalua-
tion of certain end-use properties of coatings.
2. Certain relationships between various ink receptivity tests
and the pore distributions of coatings are logical. The in-
fluence of such factors as the pressure applied during the
testing of ink receptivity could be evaluated.
3. Interesting relationships between the optical properties
of coatings and their free surface area and pore distributions
might be developed.
4. The strength of coatings might well be related to the free
surface area and the extent of pigment particle orientation.
The free surface area of the coating may be construed as a
measure of the efficiency with which the adhesive present in
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the coating was used; the pigment orientation may limit the
efficiency with which a given amount of adhesive can bond
particles.
Certain refinements of the system developed in this work represent
a promising field for future work.
1. There exists a possibility that the orientation of coatings
laid on paper may be examined without isolating the coating.
If the value of (pt) of the coating layer can be calculated or
measured, it might develop that the distortion of the analyti-
cal results introduced by the rawstock would be small. Develop-
ment and verification of such a technique would extend the
usefulness of this method for the study of preferred orien-
tation in coating.
2. The extension of the work on pore distributions of coatings to
a measurement of those pores which are continuous (in a direct
way) through the coating would be informative. The gas permea-
tion method described by Corte (57) would be of value here.
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THE EFFECT OF ETHYL ACETATE ON THE BONDING STRENGTH OF COATED PAPER
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TABLE XII
THE EFFECT OF ETHYL ACETATE ON ORIENTATION IN CLAY COATING






















































Intensity units represent counts indicated by the Geiger tube










THE EFFECT OF ETHYL ACETATE ON COATING SURFACE AREA












































































































































































THE LINEAR X-RAY ABSORPTION COEFFICIENT FOR
CLAY-STARCH COATINGS
Cu-K. x-rays; 12:100 starch:clay ratio



































































































































































































































































































































































































































1° -. 006" -1° slits















































































































THE EFFECT OF A SYMMETRICAL SLIT SYSTEM
ON ORIENTATION DATA






































THE CALCULATION OF PER CENT BONDED AREA IN COATINGS
The potential bonding area of a coating may be considered to be the
total area of the clay platelets when each of the platelets is surrounded
by a film of starch. The areas of the clays used in this study were
given in Table I. The weight average equivalent spherical diameter of
the clay fractions was obtained from the distributions presented in Figure
1. Through the use of the MUller equation the equivalent spherical diame-
where (a) and (b) are the semidiameter and the semithickness of
a disc which falls in a viscous medium with the same velocity
as a sphere of radius (R).
eter of the clays and the surface areas of the clays, it was possible to
calculate the approximate dimensions of the various clay fractions. The
ratios of the greatest diameters of the clay particles to their thick-
ness was reported in Table I. The calculated dimensions for each of the
fractions are given in Table XXXVIII. It is noted that the MUller equation




The quantity of starch added to the clay is known. Since both the
area of the clay and the density of the starch are available, it was
possible to calculate the thickness of the starch film which was assumed
to form around each clay particle. The starch film increases the di-
mensions of the particles and, therefore, their area. It is possible, ,
then, to calculate the new "total area" of the clay-starch combination.
The following tabulation shows the effect of the starch film upon the
area of the clay-starch combination,
TABLE XXXIX
THE TOTAL AREA OF THE CLAY-STARCH COMBINATION
Starch Coating Bonded
a this value represents the area per gram of clay-starch combination:
not per gram of clay
The perccent bonded area is calculated from the free. surface area of
the coating and the "total area" of the clay-starch combination.
